Inequitable access to healthy, affordable foods in some US communities may be one reason for the observed social disparities in health. 1---3 The term "food desert," originally coined in the United Kingdom, 4, 5 describes low-income neighborhoods, both urban and rural, that have limited access to full-service supermarkets or grocery stores. 2, 6 Because supermarkets generally offer a variety of healthy foods at reasonable cost, food access is defined by proximity to a supermarket or large grocery store. 2, 7, 8 Eliminating food deserts has become a priority issue in national-level food and nutrition policies. Implementation of these policies requires accurate definition and identification of food deserts. The 2008 Farm Bill, Section 7527, defines a food desert as "an area . . . with limited access to affordable and nutritious food, particularly such an area composed of predominantly lower-income . . . communities."
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Institute of Medicine and the National Research Council use a similar definition. 10 Studies in public health and urban planning have applied both criteria-low-income status and low access to supermarkets-to identify food deserts. 2,7, 11---13 Various geographic boundaries, such as zip codes, 14---16 census tracts, 7, 17---22 and census block groups, 12, 23, 24 have also been used.
A national study by the US Department of Agriculture relied on a 1-by-1-kilometer grid. 2 Measures to define a low-income area and its vulnerable population have included zip codes with a median household income at the bottom quintile of the national level (£ 80% of the surrounding area), 19 census tracts with more than 20% of the population living below the poverty level, 22 and a 1-by-1-kilometer grid with more than 40% of its population at or below 2 times the poverty level. 2 Food access has typically been measured as the physical distance between the centroids of spatial units of analysis (e.g., census tracts or the 1-km grid as the neighborhood), or between the centroids of spatial units housing the population and the closest supermarket or large grocery store. Various distance thresholds have been used for urban residents: 0.8 kilometers, 25 1 kilometer, 18 1 mile, 2,23 2 kilometers, 22 and 2.5 kilometers. 8 In rural areas, 10 miles has been used. 2, 15 Methodological limitations of past studies included coarse levels of income data aggregation, such as zip codes or census tracts. Analyses based on census block groups, the finest unit for which income data are available, provide more accurate figures of economically challenged populations. Distances between places where people live and shop for food have often been measured as straight-line (Euclidian) distance. Some studies have employed the more realistic street network distance measure. 7,24,26---28 Most studies have focused on driving as the default transportation mode, although some investigated access to a supermarket by walking 2, 25, 26, 29 or taking public transit. 26, 29 Finally, with few exceptions, 30---32 most studies have not considered food cost differences among supermarket chains, assuming that all supermarkets offer the same variety of healthy foods at the same cost to consumers. We sought to introduce an improved approach to measuring food deserts and to refine measures of access to supermarkets. In addition to income, we used 2 access criteria to determine food deserts at the census block group level in Seattle---King County, Washington. We evaluated physical access for different modes of travel. We measured economic access by stratifying supermarkets by food price, with the assumption that low-income populations need to access low-cost supermarkets. We added car ownership as a measure of population vulnerability.
US Census.
33 The study's area extent was King County within its urban growth boundary, which contained 90% of the county's population. We examined 5 groups of low-income populations to test the effect of different measures of low income on the definition of food deserts. We summed population counts for block groups with more than 20% of the population at or below the poverty level, 22, 33 with more than 40% of the population at or below twice the poverty level, 2 and with a median household income less than 80% of the median income of King County. 19, 33 Two additional measures of vulnerability were block groups in which more than 30% of the households did not own a car and block groups in which more than 20% of the population were below the poverty level and more than 30% of the households had no car.
Supermarkets
Data and geocoding. We identified supermarkets from the 2008 food establishment permits provided by Public Health Seattle and King County. We defined supermarkets as stores that were run by national or regional chains and sold a broad selection of foods, such as canned and frozen foods, fresh fruit and vegetables, and fresh and prepared meats, fish, seafood, and poultry. The data comprised 10 254 permit records, 926 of which belonged to 207 unique supermarkets (most individual supermarkets had multiple permits). Urban Form Lab geocoded all permit addresses and matched them to King County parcel centroids with ArcGIS, version 9.3.1 (ESRI, Redlands, CA). Addresses that failed automatic geocoding (n = 1500) were manually located with Google Maps and Microsoft Live Local searches. A total of 10 215 (99.6%) food permit addresses were geocoded.
Classification by food cost. To measure economic access to food, the University of Washington Center for Obesity Research classified supermarkets into 3 categories: high, medium, and low cost. The classification was based on the cost of a market basket of commonly consumed food items across 8 supermarket chains. 34 The market basket data were collected between January and April 2009 and analyzed according to a method described and used in previous studies. 35, 36 Our study priced fewer foods than the earlier studies (100 vs 384), but the pricing rules and procedures were the same. The market basket cost in the lowest-cost supermarket chain served as a baseline for the classification: chains with a market basket cost 40% higher than baseline were classified as medium-cost chains, and those with a market basket cost 60% above baseline were classified as high-cost chains. 34 Of the 8 supermarket chains, 2 were low cost, 3 medium cost, and 3 high cost. We conducted further market basket research both on-site and online for 6 local supermarkets chains that respondents in a parallel study in King County had reported using as their primary supermarket. 37 We compared the results with the baseline market basket and classified all 6 as low cost. We also classified the county's 3 warehouse chains as low-cost supermarkets. Of the 207 supermarkets in King County, 80 were low cost, 110 medium cost, and 17 high cost.
Physical and Economic Access
A service area around each supermarket defined the population that could reach the store by a predefined travel distance or duration along the road network. 26 Thus individuals living within a service area had access to a supermarket, and residents outside service areas were in potential food deserts. We identified 5 service areas for each supermarket. First, an area of 1 mile or less from a supermarket served as a baseline, because this distance was used in previous research.
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The other 4 service areas encompassed a 10-minute travel time to a supermarket by either walking, bicycling, riding transit, or driving. This 10-minute travel threshold came from previous research in which 60% of respondents reported traveling less than 10 minutes, and 38% reported traveling 10 to 30 minutes to their primary grocery store. 37 We delineated service areas in 2 steps with the network analyst in ArcGIS 9.3.1 (ESRI). We first identified the farthest points that could be reached away from a supermarket location following the network of streets within the 1-mile distance or the 10 minutes for each travel mode. Second, we connected each point identified along the network to its closest points by straight lines, which eventually created a service area as the smallest polygon delineated by the points. If the service areas of 2 or more supermarkets overlaid each other, the network analysis merged them into 1 polygon.
Street network data came from ESRI StreetMap Premium North America NAVTEQ 2009 release 1. These data were encoded with mode restrictions, estimated car travel speeds, and physical accessibility (e.g., limitedaccess roadway on-and off-ramp restrictions), allowing distances to be calculated by either physical distance or travel duration impedances. Service area delineation employed the following distance measures: for the baseline, a physical distance of 1 mile or less; for a 10-minute walk or bicycle trip, a physical distance of 0.5 and 2 miles, respectively; for driving, the 10-minute driving travel impedance, which took into account vehicular travel speeds and directional restrictions; and for riding transit, the 10-minute transit travel impedance. The transit service area also excluded areas that were farther than 0.25 miles of a bus route, a documented median walking distance to a bus stop. 39 Bus route data came from King County Metro Transit. We applied service areas created for the 1-mile baseline distance and for the 4 travel modes separately to all supermarket locations as well as to the 3 classes of supermarkets by food cost, yielding a total of 20 geographic definitions of service areas.
Populations
To identify the populations living within and outside of supermarket service areas, we intersected census block groups with the service area layers, by geographic information system overlay methods. Where block group boundaries only partially intersected with the service area, we adjusted the service area population proportionally to the area of block groups falling within it. We designated areas outside the service areas but within the King County urban growth boundary as food deserts.
Analyses compared vulnerable populations' access to supermarkets according to the different criteria and measures to define food deserts ( Figure 1 ). First, a set of baseline measures followed the traditional definition of a food desert and included the 5 low-income population groups living within or beyond 1 mile of a supermarket. Second, we stratified economic access to a supermarket by the 3 supermarket cost levels. Third, we measured physical access for the vulnerable populations residing within or beyond a 10-minute travel duration from a supermarket, stratified by mode of travel. Finally, we derived a combined physical and economic access measure from food cost and travel duration by mode.
RESULTS
King County had 1445 census block groups. The population residing in block groups with a median household income of less than 80% of the county's median income constituted 36% of the county's population; 9% of the county's population lived in block groups with more than 20% of the population below the poverty level, 12% lived in block groups with more than 40% below twice the poverty level, 5% lived in block groups in which more than 30% of the households had no car, and 3% lived in block groups with more than 20% of the population below the poverty level and more than 30% of the households lacking a car (data not shown).
The 80 low-and 110 medium-cost supermarkets were evenly distributed across the county. By contrast, most of the 17 high-cost supermarkets were located in North King County (Figure 2) .
Baseline data showed that only up to 29% of the vulnerable population (and 44% of the county's total population) lived farther than 1 mile from any supermarket ( Table 1 ). The smallest proportion of the population in lowincome groups lived beyond 1 mile of a medium-cost supermarket (26%---42%; 57% of the total population), 69% to 82% (and 78% of the total population) lived more than 1 mile from a low-cost supermarket, and 58% to 85% (and 87% of the total population) lived farther than 1 mile from a high-cost supermarket. The largest proportion of the low-income population whose neighborhoods were food deserts resided in block groups with a median household income of less than 80% of the county's median income: 166 000 persons lived beyond 1 mile of any supermarket, 263 000 lacked access to a medium-cost supermarket, 395 000 (and 0.9 million of the total population) lacked access to a low-cost supermarket, and 486 000 (and 1.2 million of the total population) lacked access to a high-cost supermarket.
When we measured access as a 10-minute trip by different travel modes, we found that less than 8% of the vulnerable population groups lived beyond a 10-minute bicycle or transit ride or drive of any supermarket, but 45% to 66% were beyond a 10-minute walk of any supermarket; 78% of the total population had more than a 10-minute walk.
Considering both travel duration by mode and supermarket by cost yielded different sizes, shapes, and geographic locations of service areas ( Figure 3 ). These in turn generated different population estimates. Access to a highcost supermarket was limited for all travel modes, but fewer than 2% of persons in vulnerable population groups lived beyond a 10-minute drive of a low-and medium-cost supermarket. Fewer than 8% lived beyond a 10-minute bus ride of these 2 types of supermarkets. Although fewer than 14% of low-income persons lived beyond a 10-minute bicycling distance of a medium-cost supermarket, up to 37% could not bicycle to a lowcost supermarket. We observed a similar pattern in access by walking, but the populations affected were substantially greater: up to 75% of low-income individuals could not take a short walk to a medium-cost supermarket, and up to 97% were farther than 10 minutes by foot from a low-cost supermarket.
DISCUSSION
Eliminating food deserts has become a priority issue in food policy at the national level. 2 RESEARCH AND PRACTICE the county's median income produced the largest low-income sample: 36% of the county population. This measure was selected by a study used by the New York City departments of planning and health and mental hygiene. 40 When our measure was 40% of the population at or below twice the poverty level 2 and 20% of the population at or below the poverty level, 20,22 our low-income samples were 11.7% and 9.2% of the county population, respectively. By contrast, defining a lowincome group as persons living in census block groups in which 30% of the residents did not have a car 22 and more than 20% lived in poverty yielded a low-income sample of a mere 4% of the county population. Although national data such as the 2003 to 2007 American Time Use Survey showed that more than 90% of the US population drove to the grocery store as either the driver or a passenger, 2 lack of access to a car helped identify areas of concentrated poverty in New Orleans, 22 Detroit, 41 and Chicago. 42 The geographic delineation of service areas offered a promising approach to measure both physical and economic access to a supermarket. 26 The technique helped assess the effects of street networks, mode of transport, and supermarket food costs on estimating the size of populations living within and outside of service areas. Altogether, our 20 supermarket service areas, combined with our 5 definitions of low-income groups, allowed for multiple ways of estimating the extent of food deserts.
Including supermarket food affordability in the definition of a food desert seemed essential, because vulnerable populations are a priori more sensitive than the general population to food costs. Physical proximity to a high-cost supermarket might not be experienced as access by a low-income household. Classifying supermarkets by food cost clearly changed the identification of food deserts. As expected, low-income families were within easier reach of a supermarket of any type than of a low-cost one. Countywide, the low-income population living beyond 1 mile of a low-cost supermarket was at least twice as large as that living beyond 1 mile of any supermarket.
Driving and taking the bus to a supermarket allowed almost all of the vulnerable populations to reach a low-or medium-cost supermarket. However, when we restricted supermarket access to a 10-minute walk to the nearest low-cost supermarket, the food desert area increased dramatically: more than 89% of low-income individuals were beyond walking distance of low-cost supermarkets. This was likely because stores offering low-cost foods located in lower-density areas with lower land prices, allowing for large inexpensive buildings and large parking areas. 43 Mediumcost supermarkets were more accessible, because they were more numerous and more evenly distributed than either low-or high-cost supermarkets. Of the vulnerable populations 25% to 48% were within walking distance of a medium-cost supermarket. The highest proportion of the county's population living in a food desert was 29%; we derived this figure from the measures of the population living in block groups with a median household income of less than 80% of the county's median income and living within a network distance of more than 1 mile from any supermarket. Nationally, more than 20% of low-income urban residents are estimated to live in food deserts, defined as places located more than 1 mile from the closest supermarket 2 ; almost 42% live within 0.5 to 1 mile; and 38% within a half mile or less. In rural areas, almost 90% of lowincome persons live within 10 miles of a supermarket, almost 9% live within 10 to 20 miles, and about 2% more than 20 miles away. 2 Other communities wanting to use our approach should select among the criteria and measures listed in Figure 1 . The use of median household income will identify the largest vulnerable population that will be at risk for residing in a food desert. By contrast, defining the low-income population as block groups in which 40% are below double the poverty level will target the populations with the lowest income. Census data provide readily available estimates of these populations.
Physical access and travel mode criteria differ by type of community. In general, both car ownership and driving distance should be included in food desert research. 28, 41 For research focused on large cities, especially those with high rates of poverty and low rates of car ownership, transit and walk access greatly matter. 20, 22, 42, 44 For research on rural food deserts, distance to food stores serves as a measure for driving time and costs. 2, 24 The street network data we used are available commercially (Google Maps uses the same data). Travel mode restrictions encoded in these data help to estimate physical access by travel mode. However, simple distance measures can also define service areas around supermarkets as long as they are weighted by estimates of travel mode impedances (0.5, 2, and 5 miles are commonly used as approximate distances for a 10-minute walk, bicycle ride, and transit ride, respectively). 45 Finally, economic access as captured by supermarket food costs is best assessed through market basket studies. These types of studies have been undertaken in several areas, and food cost information is readily available from such studies or online for national and regional chains. 6,46---48 However, food costs in nonchain supermarkets and grocery stores are more difficult to assess and may require primary data collection. Survey or focus group techniques may be sufficient to establish relative food cost by supermarket in specific areas.
Limitations
Our methodological innovations are generalizable to other communities. However, the population estimates of food deserts and supermarket access are limited to the conditions in King County. For example, low-income communities were more likely to live within a supermarket service area than was the county population as a whole. This was true regardless of the supermarket type and the mode of travel, suggesting that King County supermarkets tended to locate in areas with a dense and mixed-income population. By contrast, studies conducted in older US metropolitan areas showed that supermarkets had a less uniform spatial distribution and appeared to locate in higher-income areas. 6 The calculation of transit and driving distances did not capture the entire duration of a door-to-door trip from home to a supermarket. Specifically, bus travel did not take into account time spent walking to and waiting for the bus or bus service frequency, which varies considerably among neighborhoods and between weekdays and weekends. Our driving measure was for the estimated shortest travel duration from home to a supermarket location, along drivable streets and within posted speed limits. It did not consider delays caused by traffic congestion. In addition, the time needed to walk to and park a car and to walk between the parking lot and the store was not part of the travel duration measure. Finally, estimated bicycle distances did not consider topographical barriers. However, the 10-minute impedance for the delineation of service areas was relatively short. Adding 5 minutes to the trip to adjust for likely delays would not drastically alter our results, because a 15-minute trip to a supermarket would remain a realistic FIGURE 3-Food deserts (black) and service areas (white) around low-and high-cost supermarkets defined as baseline (1 mile) and 10-minute walking, riding transit, and driving network distances in Seattle-King County, Washington.
estimate of convenient travel time for grocery shopping. Block groups have limitations as spatial units of analysis. Our use of the proportion of the block group area falling within a supermarket service area as a way to distribute the population in the service area assumed that the population was evenly distributed within the block group, which was not necessarily the case.
Our definition of supermarket ensured that the stores had a broad selection of products, including dry goods and fresh fruit and vegetables. Although we measured the cost of the food, we did not assess the quality of the products. The assumption that high-cost supermarkets have fresher products than do lowcost stores needs further research. Finally, future studies might also consider stores that supply socially relevant foods for particular populations.
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Conclusions
We found that the identification of vulnerable populations living in food deserts is highly dependent on the definition and measurement of low-income status and of economic and physical access to supermarkets. Although King County's low-income groups had good access to a supermarket, their access to a low-cost supermarket was more limited. Access by transit was satisfactory for travel duration to affordable food, but this assumed that vulnerable populations' time schedule for shopping coincided with bus service frequency in their neighborhood. Having access to a car was the best guarantee for the majority of the vulnerable populations to reach any supermarket within 10 minutes, making food shopping a car-dependent activity. When supermarket access was defined as pedestrian access to a lowcost supermarket, the area defined as a food desert dramatically increased. j
